In the paper the thermal characteristics evolution of a humid concrete with water content is determined by study of the relation between the thermal effusivity of concrete and the thermal impedance. At first, the theoretical impedance related the effusivity of material measured is expressed. In certain frequency band, a sample with its enough big thickness can be considered as a semi-infinite system for facilitating determination of the effusivity of material. In the experiment, a sensor which is consist of a plane fluxmeter for measuring the thermal flux and a thermocouple implanted in the fluxmeter for measuring the temperature is disposed below a surface of a humid concrete sample, while a plane electrical resistance for exciting heat signal is disposed below the fluxmeter. The relation of temperature and thermal flux in time is considered a linear system during each test. The experimental impedance is determined by measuring the flux and temperature as the input and output signals of a system. The results of evolution of effusivity with water content are obtained by optimization of parameters in the theoretical impedance while comparing between the theoretical impedance and the experimental impedance. The results of the study show that there is a strong sensibility of the concrete effusivity to water content. This remark allows envisioning the thermal impedance as a possible measure technique of water content. The water content in a humid concrete relates to the porosity of concrete. This thermal characterization method can allow detecting an eventual abnormality in concrete, for example degradation.
Introduction
The knowledge of the thermo-physical properties of concrete is an important problem of the civil engineering. When a concrete is not altered, the most important factors influencing its thermal property are the following ones:
(1) the porosity and the water content, (2) the type of granulate, of mixtures and additives, (3) the proportion of mixture, (4) the temperature of the concrete. The water content in a concrete relates to the porosity of the concrete. In our work, we studied the evolution of thermal property of a humid concrete with the water content. The thermal impedance can be used in characterization of partially saturated soil, non-destructive testing of building wall. 1, 2) In this paper, we present utilization of the impedance for identifying thermal effusivity of a humid concrete.
During our each test, the temperature of a concrete sample is not much change, and then we consider the sample as a linear system which is not variable in time. The concrete sample is considered globally as a homogenous system.
The temperature and the thermal flux density are two important parameters concerning our work. These parameters are obtained by measurement in the central active area of the sensor, not in the whole area of sensor. The thickness of sample is smaller than the transverse dimensions. The sample is isolated in four sides. In these conditions if it is subjected to a uniform thermal solicitation on an input face, the evolutions are independent of the coordinates y and z. The conduction regime is considered as a mono-dimensional transfer.
Thermal Impedance

Definition of thermal impedance
We define thermal impedanceZð½Þ in a plane by the ratio of the temperatureãð½Þ to thermal flux densityõð½Þ in the frequency domain.Z ð½Þ ¼ã ð½Þ ºð½Þ ð1Þ
Z is a function of the pulsation ½ (or frequency f ) and a complex number.
Theoretical impedance
In our work, we used a plane sensor composed of a plane fluxmeter for measuring thermal flux and a thermocouple for measuring temperature. The thermocouple is planted in heart of the fluxmeter.
The sensor was placed on a material. The contact condition is never perfect due to an important roughness of the concrete and is responsible for a temperature fall between the surface of the material and the one of the sensor (Fig. 1 ).
This imperfection due to the thermal contact resistance must be integrated in the behavior model. Thermal impedance in above surface of sensor can be expressed as: where R f is a thermal resistance and C f a thermal capacity of the fluxmeter. From the relations (2) and (3), we have the thermal impedance in the sensitive plane of the sensor which is represented by the thermal impedance in surface of material measured:Z 1 ð½Þ ¼ã
Z m ð½Þ is also called a thermal impedance in input face of material measured. In case of enough big thickness of material measured (more than 3 times of skin thickness), Z m ð½Þ for high frequency band can be considered as a critical impedanceZ c ð½Þ which is for a semi-infinite milieu.
15) The critical impedance is expressed as:
where b is a thermal effusivity of the material measured. This treatment can facilitate our work without regarding the condition of the output face.
Experimental impedance 2.3.1 Modelling of the system
The principle of the study consists to consider our experimental system as an invariant linear system in time. 7) We can consider that a system excited by a solicitation in flux density gives in response an evolution of the surface temperature. We represent the system under the following form (Fig. 2) .
We can link the two signals of the sample by a linear relation that translates the discrete linear model. We can consider this relation as a discretization of the differential equations that govern the exchanges.
This equation expresses the fact that the value of the temperature at a given instant depends on past values and presents the flux density excitation as well as of the historic of the temperature evolution.
The modeling type ARX is written under the matrix form:
AðuÞªðtÞ represents an Auto-Regression, BðvÞºðtÞ an output eXtra, eðtÞ the noise.
7)
Transfer function of the system in z
To calculate the experimental frequency response of the system, it is convenient to use the formalism of the z transform. We define thatãðzÞ is the z transform of the temperature sequence andõðzÞ the one of flux density by:
From the temporal eq. (6) securing the signals of input and output of the linear system, we can write an equivalent equation securing the various ones of z transform:
H(z) is called transfer function in z of the linear system in discrete time.
The z transform is obtained from the proposed relations in (8) and (9). If we calculate this transform for z = e j½Te , we result in the expression of the discrete Fourier transform.
where Te represents the sampling rate.
The determined transfer function previously calculated for z = e j½Te gives directly thermal impedance of input of the system:
2.4 Determination of thermo-physical parameters During tests the temperature and the flux density are transcribed by the sensor. The parameters of the model [a i and b j of eq. (13)] of the transfer function of the system are determined by the method of the least square. The uncertainty which is associated with the determination of every parameter can be calculated. The transfer function in z allows calculating the response function of the system in the frequency domain. The repeated algorithm of minimization of the error function of the theoretical impedanceZ 1 ð½Þ and the experimental impedanceZ 2 ð½Þ is to identify the thermophysical magnitudes of the material b and the disturbance parameters (contact resistance R c , thermal resistance R f and thermal capacity of the fluxmeter C f ) by introducing Levenberg-Marquardt method. Figure 3 illustrates the experimental device for our work.
Experiments
Experimental device
As our acquisition system, we used a numerical multimeter Keithley 2700 implanted a scanning card 7706 comprising with 2 analog output («12 V, 5 mA) channels. IEEE-488.2 USB-GPIB interface adapter (model KUSB-488A) interfaces computer and Keithley 2700 by USB port of computer.
A computer program allows management of acquisition system. The scanner card 7706 allows doing an acquisition in The analog output gives an input signal of power amplifier to supply electrical power for electrical resistance as heating which provides thermal solicitation signal for tests.
We used a sensor composed of a plane fluxmeter 25 cm © 25 cm which has an active area 15 cm © 15 cm for measuring thermal flux and a thermocouple which is implanted in heart of the fluxmeter for measuring temperature. The fluxmeter made of constantan and copper has thin thickness less than 2 mm. A plane electrical resistance with a thickness less than 1 mm has same size of two sides than that of fluxmeter.
The concrete sample size is 25 cm © 25 cm with a height of 5.5 cm. The sample was packed by aluminum film to prevent water evaporation. Four sides of sample were thermal isolated by polystyrene for considering thermal transfer to one dimension.
Composition of concrete
We realized a concrete sample of 25 cm of side length and 5.5 cm of thickness for the measures of thermal effusivity. Being given the weak thickness, the maximum size of aggregates was limited to 12.5 mm which is less than the quarter of the sample thickness. The river sand and gravels were used in the concrete studied. As it is therefore a matter of confecting a micro-concrete, the aggregate grading was made as follows, while referring to the sieve analysis:
-sand (S) 0/5; -gravels (G1) 5/12.5. The cement used is a CPA I 52.5 (Portland cement). The proportions of the components for 1 m 3 are the following: -cement 285 kg; -water 195 litters; -sand (S) 670 kg (36% of aggregates); -gravels (G1) 1193 kg (64% of aggregates). The concrete during placing was plastic which had a slump of 6 cm by measuring with Abrams' cone. The compressive resistance of the concrete after 28 days of curing was f c28 = 25 Mpa.
In the range of withheld frequencies (superior to 10 ¹4 Hz), the thickness of the partition 5.5 cm is sufficient to admit that the sample can be considered as semi-infinite. It follows a relation between flux density and the temperature of the system input face that depends only the effusivity b of the concrete. According to the evolution of the theoretical impedance sensitivity to parameters (thermal resistance R f , thermal capacity of the fluxmeter C f and thermal effusivity b), in case of frequencies inferior to 10 ¹2 Hz, the effusivity b of the sample can be characterized precisely. 4.5) In 28th day after the casting of the concrete, the sample was immersed in the water to obtain a state of saturation.
Determination of water content
One admits that the mass loss by oven represents the mass of water contained in the product.
The limitation of drying temperature of the concrete is necessary for avoiding damage it. A mass of a sample is dried in the oven regulated to 50°C with admission of air of the local ambiance at 70% relative humidity until to mass constant. We consider that the constant is attained when two weighs separated of 48 h do not different more than 0.1%.
The water content of concrete is expressed by:
where m is the mass of concrete, and m dry is the mass when it is dry.
Results and Discussion
The sample had been weighed and then the effusivity calculated according to the measure data of flux and temperature. The concrete was placed in the oven for 3 weeks to obtain a near dry state of W = 0% at the end of all thermal measurement.
Figures 4 and 5 show the evolution of the temperature and the one of the flux observed on one of tests when the water content of the concrete sample was 2.84%. The temperature is the temperature difference between measured temperature and ambient temperature. We observe in Fig. 4 that the temperature does not rise more than 5°C for avoiding the water migration in the sample. This is more important than that the thermo-physic parameters are sensitive at once to water content and to the temperature of the system.
We identified the thermal impedance and deduct from it the value of the effusivity in the function of water content. We obtained the effusivity for this test when W = 2.84%: 
The evolution of the effusivity of the concrete sample in the function of water content is presented in Fig. 6 . Figure 6 shows a strong sensibility of the concrete effusivity to water content superior to 1%.
The principal factor of modification of the thermo-physical characteristics is the replacement of the air by water in the pores of the material. Considering that on one hand the air has a density of 1.2 kg·m ¹3 with a mass heat of 1 kJ·kg
and that on the other hand the water has a density of 1000 kg·m ¹3 with a mass heat of 4.18 kJ·kg ¹1 ·K
¹1
, we can admit that the thermal conductivity at the heart of a pore evolves from about 0.025 W·m ¹1 ·K ¹1 (dry state) to 0.6 W·m ¹1 ·K ¹1 (saturated state of water). The apparent thermal properties (conductivity, effusivity etc.) of the material will be found therefore modified.
Conclusions
The results of the study show that there is a strong sensibility of the concrete effusivity to water content. This remark allows envisioning the thermal impedance as a possible measure technique of water content. The water content in a humid concrete relates to the porosity of concrete. This thermal characterization method can allow detecting an eventual abnormality in concrete, for example degradation. Characterization of a Humid Concrete by Study of Thermal Impedance
